Abstract-With recent developments and cost reduction, offshore windfarms are set to lead the energy markets of the west by 2030. This development can further be accelerated if the wind intensive periods can be utilized efficiently by optimizing the limited network capacity and if the energy output is increased during contingency outages. Therefore, dynamic rating operation of components that are primary system bottlenecks becomes crucial. This paper identifies potential bottlenecks in offshore windfarm export systems and provides an extensive state-of-the-art review of dynamic thermoelectric models which are applicable for real-time loadability assessment of the identified components. The loadability of these components is directly dependent on their thermal state, which is evaluated based on analytical solutions of the dynamic thermoelectric model, including the complicated heat transfer and temperature development phenomena in the identified components. Moreover, potential risks of using these models for offshore windfarm applications are also identified.
I. INTRODUCTION
Wind energy is a major contributor to the annual electricity generation in Denmark [1] and it is projected to increase even further by 2030 [2] in order to keep up with the targets defined by the Danish Government's 'Energy Agreement' of 2018 [3] . A sizable portion of this increment is bound to be delivered by Offshore Wind Power Plants (OWPPs). But bottlenecks in OWPPs export systems and the system improvement costs related to resolving these bottlenecks are major barriers to this prognosis [4] , [5] .
Some bottlenecks can be removed and the unused potential of some of the major components of OWPP export systems can be exploited by switching to Dynamic Thermal Rating (DTR) instead of using static rating based on conservative assumptions including continuous full load, high solar radiation, and fixed ambient temperatures [6] . The majority of publications on DTR so far have focused on overhead lines (OHLs), including extensive thermal modeling, inclusion of weather forecasts [7] , [8] and innovative real-time sag measurement [9] to effectively increase the dynamic rating based operation. However, OHLs do not play such an influential role in the debottlenecking of offshore windfarms.
Therefore, the attention must shift to all the remaining components which include transformers, subsea and underground cables, shunt reactors, HV filters, compensators, MV/HV switchgears, CTs, VTs, Circuit Breakers etc. These components can be prioritized based on their impacts on system's loadability and bottlenecks. Utilization of real-time monitoring techniques can contribute to raise the possible loading of some of these components above the static limit 99% of the time. Similarly, a handful of publications claim that the conservative static limits can be exceeded by 30% of the limit about 90% of the time using the DTR principle [10] .
The characteristic loadability of underground cables is typically based on the international standard IEC 60287 [11] and the cyclic ampacity is based on IEC 60853 [12] along with certain recent CIGRE publications discussing the optimization of these standard models using Distributed Temperature Sensing (DTS) and Real Time Thermal Rating [10] , [13] . This provides sufficient information for HV cables, but little to no work has been done for rest of the identified components.
The dynamic loading guides for power transformers disseminated by IEEE [14] and IEC [15] have evolved since the early 1990's and these guides are still subjects of development, whereas the CIGRE Brochure 659 [16] provides an extensive overview on the topic. The integration of distributed generation in existing electrical infrastructure has shifted the focus towards short term dynamic rating of transformers as well, which can be used for OWPP export system optimization and debottlenecking [17] , [18] .
The measurement of critical temperatures variation with load in HV/MV cables and oil-filled transformers using fibreoptic sensors like DTS is often costly and even unavailable. Moreover, these solutions are not perfect for real-world applications because the sensors may not be able to locate hotspots or may not determine the exact conductor or winding temperature. Therefore, dynamic thermal estimation of these components is performed using thermal modeling techniques, predominantly based either on the Finite Element Method (FEM) and Computational Fluid Dynamic (CFD) [16] , [19] or on Thermoelectric Equivalent (TEE) circuits representing the heat flow equations using the thermoelectric analogy [20] . The accuracy of CFD and FEE modelling is higher than the latter approach and these can also allow determination of complete temperature distribution under the assumption that all thermal parameters are known. But the advantages offered by TEE models like the simplicity of design, easy availability of input parameters, minimal computational requirements and the adaptability for components with different construction and design features make the TEE modelling technique an ideal tool for optimized dynamic operation [11] , [21] . This paper reviews the state-of-the-art for thermoelectric modelling and dynamic rating of two major components of the OWPP export system: HV/MV cables and transformers. The potential issues and risks involved in using the prominent methods for dynamic modeling of these components in windfarm applications are also discussed. The remaining paper is organized as follows: Initially, section 2 unfolds the simplified transmission system for OWPPs and identifies the critical components that cause constrictions in the system. Later, sections 3 and 4 present state-of-the-art for dynamic thermoelectric modeling of transformers and cables respectively. The state-of-the-art includes a review of recommended loading guides by IEC, IEEE and CIGRE, along with some prominent publications discussing conventional and advanced models.
II. OPTIMIZATION OF OWPP EXPORT SYSTEMS
The Offshore Wind Power Plant (OWPP) export system based on HVAC technology, as identified in Fig.1 , has an offshore substation close to the wind turbines and an onshore substation on land which serves as an interface between the export system and the transmission grid. Whereas the number of reactor substations depends upon the windfarm's distance from the shore. This system consists of a number of HV components ranging from HV/MV cables and transformers to Shunt Reactors, HV filters, Gas Insulated Switchgears (GIS) and compensators (incl. STATCOM, FACTS, SVC etc.).
The long export cables (underground and subsea) are used rather conservatively because of the associated capital investment and are known to be the primary bottlenecks in this system. On the other hand, the system bottleneck can often move to the main transformers during contingency or planned/unplanned maintenance. Moreover, both these components are often over-dimensioned and consequently underutilized [22] . Therefore, optimized utilization of these 2 components using dynamic rating beyond their design limits for certain periods becomes crucial for optimization of OWPP export system. Publications discussing the utilization of unused potential of components including reactors, HV filters and GIS are rare, primarily because this is seldom a problem in today's system. Based on this analysis, this paper focuses only on thermal estimation of transformers and cables for offshore windfarm transmission systems. 
III. THERMOELECTRIC MODELLING OF TRANSFORMERS
The loading capability of a transformer is directly dependent on its Hot Spot (HST) and Top Oil (TOT) temperatures [14] , [23] - [24] . In order to optimize the electrical export systems of offshore windfarms with transformers as one of the bottlenecks, real-time estimation of HST and TOT to calculate their dynamic loadability is a cost-effective solution. However, the estimation of these temperatures in oilfilled transformers is difficult as compared to cables because of the complicated heat transfer phenomenon [25] .
The Thermoelectric Equivalent (TEE) methodology uses the analogy between principles of thermodynamics and charge/discharge mechanism of the RC-circuit, which makes it easier to grasp for electrical engineers [26] . The structures of almost all the differential equations-based TEE models discussed in this paper are directly or indirectly inspired by the circuit of Fig. 2 based on (1), which was originally coined in [27] , [28] for temperature development in electrical machines and is also known as the Exponential Law.
Here q represents the heat generated by losses (analogous to current), ′ − is the temperature difference (analogous to voltage), while ℎ and ℎ are the thermal capacitance and thermal resistance (analogous to electrical capacitance and resistance) and t represents the time. The TEE circuit of Fig. 2 can be used to estimate both the TOT and HST for transformers by substituting the relevant variables with the parameters of Table I , as originally suggested by Swift in [26] . Where qfe and qwdg represent iron and winding copper losses; tot , hst and amb are the top-oil, hot-spot and ambient temperatures respectively; Rth oil-air and Rth wdg-oil are non-linear oil-to-air and winding-to-oil thermal resistances; Cth oil and Cth wdg represent the thermal capacitance for oil and winding. 
A. Historical Development of Transformer TEE Models
The TEE models presented in renowned loading guides by IEC and IEEE have certain limitations. Therefore, over the years numerous publications can be found offering simplifications, clarifications and recommendations for improvement of these guides. Some of the prominent ones along with the international loading guides are mentioned.
1)
IEEE C57.91 Loading Guide [14] , [29] - [31] : The industry-wide accepted loading guides of IEEE [14] , [29] - [31] have evolved significantly over the last 3 decades. These guides utilize the exponential law of (1) or its approximation to calculate the final TOT and HST rise. The ultimate temperature rise is estimated using the principle that the generated heat q is dissipated through conduction, convection and radiation. Whereas, the Poisseulle's law of flow is applicable with the assumption that there is minimal turbulence in the oil ducts, as suggested by Montsinger in [32] . Consequently, the impact of transformer cooling modes is considered. A number of publications prove that these models perform inadequately for low amb, and the calculated temperature rise is vulnerable to transients and load changes, which is extremely important for windfarm applications because of wind energy's intermittent nature [33] - [35] .
2)
IEC Loading Guides [15] , [20] , [23] : The former IEC loading guide 60354 [15] and its improvements 60076 [23] - [24] propose 2 different methods: differential and exponential. The former is the same as IEEE C57.91; while the latter, exponential-based, is only suitable for step-load change and is dependent on arbitrarily obtained parameters. This uncertainty is resolved by a number of publications discussing extension, parameter estimation and experimental elaboration for the exponential model of IEC 60076-7 [36] - [38] . However, the dependence of this model on transformer construction-specific parameters obtainable only through prolonged heat-run tests makes it impractical for widescale OWPP optimization.
3)
Swift et al. [26] , [39] 
(2001):
The simplified description of the thermal-electrical analogy based on the convective heat transfer and its application to determine a transformer's HST and TOT are discussed in this model. Like the differential models of loading guides, it is essentially based on Fig. 2, i .e. it assumes the conditions for lumped capacitance, but it distinctively introduces two different circuits for heat transfer: winding-tooil and oil-to-air. The impact of cooling mode is also addressed differently. The reasons for its limited accuracy are addressed in [40] and [41] .
4)
Susa et al. [33] - [34] , [42] - [43] (2013) The time delay between TOT and HST rise, as measured and quantified in [25] , results in HST which is higher than the one calculated by IEC loading guides. The model in [33] builds upon the discussion of Swift's model and incorporates the impact of temperature change on the thermal characteristics of transformer oil in TOT and HST calculations, thereby increasing the accuracy of calculations during transient states. The model focuses on the nonlinearity of the thermal resistance and primarily includes oil viscosity changes and loss variations with temperature, and it is further improved in [34] and [42] .
5)
Djamali [17] , [18] (2017) The model calculates the TOT for indoor distribution transformers and extends the findings of Swift and Susa by further addressing the heat transfer due to conduction, radiation and ventilation in the transformer room. Therefore, the transformer's loadability can be estimated using the room's ventilation temperature. Transformers in offshore platforms can be placed indoors with controlled temperature, therefore the analysis seems practically viable.
6)
Josue [44] (2012) Like Susa, this model modifies the IEC 60076-7 loading guides by investigating the variation of transformer oil viscosity with temperature, along with the dependence of winding losses on temperature. The oil temperature is equated to the HST to determine the change in its viscosity and simulate the extreme condition.
7)
Miscellaneous Models Besides the models mentioned above, there are many models that suggest improvements to the loading guides. For example, [45] investigates the influence of weather conditions (including wind speed and solar radiation) on transformer's TOT, [37] extends these models for smaller transformers, while [38] assesses a transformer's overload capability by estimating standardized error in TOT calculation but uses the design information of the transformer to estimate the heat transfer modes in it. On the other hand, [46] offers a unique perspective of identifying the sources of errors in dynamic modeling of transformers.
8)
Machine Learning based Models With the increasing computing capacity, the use of machine learning to effectively calculate the TOT and HST of transformers has also been discussed from time and again. Tang et al. in [47] , [48] take the inspiration from artificial neural networks to use a genetic algorithm for identification of global solutions to estimate thermal parameters Rth and Cth. The model also incorporates the impact of cooler states (on/off) prior to parameter estimation. Similarly, [49] uses the same approach for cast-resin dry-type transformers. Other methods range from neural networks [50] to neuro-fuzzy ones [51] . Moreover, the practicality of using evolving fuzzy networks is also evaluated [52] . However, the application of such models would require ample training data, which is unfortunately not readily available in today's power systems.
B. Structural Evaluation of Selected Models
The evaluation of TOT and HST estimation for 3 main differential equations-based TEE models is performed. The loading guides models, originally presented as exponential solutions in [24] , [29] , are converted into the respective differential equations to maintain structural homogeneity.
1)
Loading Guides IEC and IEEE [24] , [29] 
2) Swift et al. [26] , [39] 
3) Susa et al. [33] , [34] 
Where is the ambient temperature ( o C); K is the transformer load current in p.u. with rated load current as base;
and ℎ are the calculated Top Oil and Hot Spot Temperatures respectively, expressed in o C; R is the ratio of load losses to no-load losses at rated load; ∆ is the TOT rise over ambient temperature at rated load ( o C), while ∆ ℎ is the rated HST rise over TOT for rated load of 1 pu. The estimation of (temperature dependent oil viscosity in pu) and ( ℎ ) (variation of load losses with HST in pu) can be performed using [33] , [34] . The empirically derived exponents n, m, n' and m' have been extensively researched for almost a century and the values vary with the transformer cooling mode (i.e. ONAN, ONAF etc.), the mass distribution of transformer components [30] and oil flow type (i.e. the presence or absence of turbulence in oil flow) [25] , the values for which are provided in Table II [24] , [34] .
The thermal time constants for oil 0 and winding ℎ are usually obtained using the heat run test, but 0 can also be estimated using slightly differing methods. The IEEE guides [29] , [30] use manufacturer-defined rated losses and ∆ for ODAF cooling (n, m = 1) but require additional manipulation for (n < 1). Similarly, IEC 60076-2 [20] uses real-time loaddependent temperature rise, while IEC 60076-7 [24] recommends using the average oil temperature rise instead. It must also be mentioned that IEC 60076-7 recommends the use of a correction factor (<1) for oil time constants to compensate for the mismatch between the time constants for top oil and average oil in ONAN and ONAF transformers, as scrutinized by Nordman et al. in [25] . All of these techniques require detail information regarding the mass and material of different transformer components (winding, oil, core etc.).
Referring to (2) - (7), it can be concluded that the basic structure of the 3 selected models is similar. The first-order non-linear differential equations have 3 basic terms: Rate of temperature change on the left-hand side, Heating-term which is dependent on load losses and Cooling-term which is dependent on relevant temperature difference. The inclusion of oil viscosity in Susa (6)- (7) is accurately reflected in the cooling-term. The major difference in the 3 models is the location of empirical constants. The models from loading guides (2)- (3) and Swift (4)- (5) distinctively place these constants on the heat-in term, while the Susa model does otherwise, which appears to be thermodynamically accurate. 
C. Discussion regarding DTR of Transformers in OWPP
The models presented earlier have some inherent limitations for OWPP application. IEEE and IEC loading guides have accuracy limitations, Swift models perform inadequately when forced convection is used for cooling, whereas the complexity of the other methods make them less suitable for real-time dynamic rating applications.
The various sources for harmonics amplification in OWPPs including long HVAC cables, power electronic converters etc. [53] can increase the lifetime reduction phenomena in transformers for rated load. Therefore because of increased losses, load reduction becomes necessary [29] , [54] . Hence, the incorporation of these losses in transformer DTR modelling is compulsory for accurate HST and TOT determination. Similarly, the transformer oil viscosity can vary significantly with temperature and this variation depends on the type of oil used and the variation is maximum for low ambient temperatures, which is common in OWPP applications [55] . The development of TOT and HST is therefore influenced by the type of transformer oil because viscosity affects the flow patterns and convective cooling.
IV. CABLES LOADABILITY & THERMOELECTRIC MODELLING
As already discussed, cables used to transmit energy from offshore substations to the onshore ones are known to be the primary bottlenecks in OWPP export systems. This is true primarily because the associated capital costs restrict the potential provision of multiple subsea cables. Therefore, optimized loadability of cables is extremely important for a good business case. Only HVAC cables are discussed here.
A. Determination of HV/MV Cables Loadability for OWPP
Like the remaining HV electrical components, the temperature of the insulating material defines the loadability of power cables [11] . Several cable manufactures propose 90 o C to be the upper limit for the conductor temperature for Cross-Linked Poly-Ethylene (XLPE) insulated cables for cyclic load, in order to prevent the dielectric and mechanical strength of the cables from deterioration and to preserve cables' life [12] . The dependence of XLPE cables' properties on temperature and the impacts of thermal ageing have been critically investigated since the introduction of these cables more than 4 decades ago. These properties include thermal resistivity, specific heat, electrical breakdown strength under AC and impulse voltages, tensile strength, electrical resistivity, permittivity (dielectric strength) and loss factor (tan delta) [56] - [58] . The investigation results are documented in some prominent publications [59 -63] .
The loadability of cables can either be defined for a permanent period (until end of life) called steady load (IEC 60287) or for shorter duration called dynamic load. In both cases, the physical limitations of the cables are never violated. Dynamic loading (IEC 60853) ensures optimal utilization of cables and can usually be of two types: cyclic (daily load cycles) or emergency (short durations) [12] , [63] - [64] . Even though, these loading limits are extremely useful in OWPP applications owing to wind energy's intermittent nature, these are not readily used because of reasons already discussed.
B. Dynamic Thermoelectric Modelling of HV/MV Cables
As mentioned earlier, determination of OWPP cable HST for real-time DTR application is practically feasible only if appropriate thermoelectric models capable of performing online calculations of cable core or insulation temperature are used [65] , which is not possible using IEC 60287 and 60853. An extensive literature review reveals that the major thermal models can be divided into three categories: FEM-based, Laplace transformation-based and Differential equation-based models, out of which only the last 2 models qualify as thermoelectric ones. It must also be mentioned that the exact implications of these methods are not documented well enough, essentially because different manufacturers and consultants employ these models in commercially available software such as [66] - [70] . Keeping the discussion aligned with Section 3, this section focuses particularly on Laplace and differential-based models.
1)
Laplace-based Models Laplace transformation-based methods (IEC 60853) utilize the exponential integrals to determine conductor temperature development during load change [58] , [63] . The models proposed in [57] , [71] use exponential integrals to evaluate the dynamic thermal response and take into account all external parameters (known and unknown) to accurately determine the cable's loadability.
2)
Differential Equation based Models The models are also based on Fig. 2 [27] and follow the same principle as TEE modeling of transformers discussed in previous section. These models are established by dividing the subcomponents of cables (conductors, insulator, screens etc.) into thermal zones with respective thermal capacitance and resistance, which is essential when analysis is not based on exponential integrals and attainment factors [72] . Moreover, the ambient conditions and variation of thermal parameters of soil (or other medium) with temperature are also considered.
The steady-state thermoelectric model of Fig. 3 for subsea cables, extracted from [11] , [71] takes into account armor losses, which are crucial for subsea cables, but it is based on some simplified assumptions. The heat losses are represented by W (W/m), each node represents a temperature θ, while T and C are the thermal resistances and capacitances respectively. The subscripts definitions are critical: c, d, s and a represent the conductor, dielectric (insulation), screen and armor respectively. While 1, 2 and 3 are used to define the thermal parameters of dielectric, armor and surroundings respectively. The conductor temperature (θC) calculated using this model is given by (8) . The sheath losses Ws and armor losses Wa can be calculated using the conductor losses Wc as λ1Wc and λ2Wc respectively. Where, sheath and armor loss factors λ1 and λ2 can either be obtained according to IEC 60287 [11] or as per improvements in [71] .
Equivalent to transformer TEE models, ∆θS in (8) is found using a similar equation. Some publications [73] - [74] claim improved performance and accuracy by combining the differential models for a cable's internal parameterization and Fourier models for external. According to [75] , machine learning and genetic algorithms are also suitable for the differential approach. Moreover, the cable surroundings are divided into multiple loops for increased accuracy, but this approach can be computationally expensive. 
C. Discussion regarding DTR of Cables in OWPP
The information of ambient conditions including temperature, thermal properties etc. of the cable's surrounding material (soil, water etc.) is used as inherent input to almost all the models discussed earlier, which makes it extremely critical [57] , [71] . This information is either estimated, measured or both. Temperature measurements along cables are performed using PT100 sensors, thermocouples or opticalfibres. But the length of offshore cables for OWPPs result in precision issues which may consequently miss the possible hotspot development [74] . Moreover, there can be inherent hot-spots in OWPP cable installations (E.g. J-tubes and landfills), which cause major bottlenecks. Also, the cable length creates significant complications (including harmonics) which must be accounted for in the thermoelectric models [75] . A number of advanced measurement and monitoring methods can be used to improve these models. These methods include Time-Domain Reflectometers, Distributed Temperature Sensing (DTS), Line Resonance Analysis (LIRA) and Distributed Acoustic Sensing (DAS).
V. CONCLUSION
A comprehensive study has been conducted on transmission system optimization for offshore windfarms. Transformers and cables are identified as the potential bottlenecks in the windfarm export system. The relevant thermoelectric modeling techniques proposed over the last few decades, which can be used to overcome the congestion challenges in the network based on dynamic thermal estimation have been mentioned. Some of these techniques are primarily based on industry-wide accepted IEEE and IEC loading guides. But the limitations of these models have been extensively worked out in several recent publications suggesting model improvements. All these techniques have been thoroughly reviewed in this paper and the potential risks for offshore windfarm applications have also been identified.
